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INTRODUCfION 
Composite materials are nowadays involved in various designs [1] in areas like aero-
nautics, road, rail or sea transportation, and chemical industries, among other. Using these 
material brings a number of advantages : the lowering of overall mass, the increase in the 
applied mechanical loads before breakdown occurs, the resistance to contamination by 
chemical agents, the ease of material forming using molding techniques, and the matcha-
bility of the material to the particular mechanical function required for a given part in a 
structure. Among composite materials, the carbon-epoxy ones are costly but also very ef-
ficient. They find important applications in aeronautics and we will focus our attention 
here to them. 
Like for any machined product, defects are induced during the realization of compo-
site material parts. However, the nature of these defects is very specific (delamination, 
porosities ... ) when compared to metals. The heterogeneous and anisotropic nature [2,3] 
of these materials make them very difficult to control and specialized testing procedures 
must be elaborated for this purpose. Specifically, ultrasonic techniques appear well suited 
for the detection of bulk defects [4]. The classical ultrasonic techniques rely on the obser-
vation of the time diagram of the echoes reflected on or transmitted through the defects in 
the sample under study. The heterogeneous structure of composite materials may however 
induce extraneous acoustic noise [5] and make the interpretation of the previous echo-
gram very questionnable and often impossible. Spectral analysis [6] appears then as a 
complementary tool useful for overcoming these difficulties. The study reported in this 
paper will make use of the two techniques, all the tests being performed with bulk longi-
tudinal ultrasonic waves impiging under normal incidence on unidirectionnal or crossed-
ply carbon-epoxy composites. 
STUDY OF THE LOW FREQUENCY RESPONSE OF COMPOSITE MATERIALS. 
Several sets of samples have been studied, whose main characteristics are summari-
zed in table 1. Their response to low frequency longitudinal waves (in the 5 to 30 MHz 
frequency range) has been first investigated. 
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Table 1 Characteristics of the samples 
used in the study. 
~e{erence mean sample number 
mean ply orientation 
thickness 
o{plies thickness o{plies (mm) (mm) 
A 2 16 0.12 uni· directional 
B 3.3 24 0.14 0'/ ±45'/ 00' 
c 4.1 32 0.13 0'/ ±45'/ 00' 
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Fig. 1 a Echogram for a sample in set A 
(@ 5 MHz). 
V : 200 m V Idiv H: 300 ns/div 
When using a 5 MHz ultrasonic frequency, differences between the three sets of 
samples are hardly distinguishable. The echogram for an unidirectionnal sample A is gi-
ven for reference in fig. 1a above. When using working frequencies around 10 MHz, the 
echograms for the unidirectionnal samples A don't vary significantly, but those for cros-
sed-ply samples Band C vary drastically. In this latter case, an intermediary signal ap-
pears between the echoes on the front and back faces of the sample. The amplitude of this 
signal maximizes for frequencies of 10.8 MHz (samples B) and 12.4 MHz (samples C). 
Moreover, the back face echo is severely distorded at these characteristic frequencies. The 
echogram for a sample in set Bat 10.8 MHz is given below in fig. 1b for illustrative pur-
poses. 
Ultrasonic spectroscopy results 
The samples have also been studied using ultrasonic spectroscopy, by insonifying 
them with a wide band (5 to 30 MHz between the -10 dB points) longitudinal ultrasonic 
wave and analyzing the spectrum of the reflected or transmitted signal. The diagram of 
the experimental setup is shown in fig. 2 below. The spectrum of the signal transmitted 
through an unidirectionnal sample of set A presents no significant anomaly. However, for 
the two other sets of samples, an "absorption" peak occurs at frequencies of 10.8 MHz 
(samples B) and 12.4 MHz (samples C). The case of a sample in the set B is illustrated in 
fig. 3a below. When studying the spectrum of the reflected signal, the very same kind of 
results are found: no anomaly in the spectrum of the energy reflected on the front face of 
all samples and for that of the energy reflected on the back face of composite A. Howe-
ver, for the crossed-ply composites, "absorption" (reflection on the back face) and "emis-
sion" (intermediary signal) peaks are seen at exactly the same characteristic frequencies 
peviously found. The intermediary signal and back face reflected signal spectra are given 
for a sample in set B, in figs. 3b and 3c, respectively. 
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Fig. 1 b Echogram for a sample in set B 
(@ 10.8 MHz) 
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Fig. 2 Diagram of the experimental setup 
for spectroscopy experiments. 
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Fig. 3a Spectrum of the signal transmitted 
through a sample in set B. 
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Fig. 3c Spectrum of the reflected signal 
for a sample in set B. 
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Fig.3b Spectrum of the intermediary 
reflected signal for a sample in set B. 
H: 2 MHz/div 
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Fig.4a Variations of the absorption peak 
depth with the number of plies for a 
sample in set B. 
A complementary study has been performed on samples of set B, by varying the 
number of plies in the structure (using peeling techniques). It is found that the 
characteristic frequency doesn't vary with the number of plies, but the "absorption" peak 
depth is very sensitive (nearly proportional) to this parameter (see fig. 4a above). 
Interpretation of the results 
At a 5 MHz frequency, the acoustic wavelength in the materials is near 600 /lm (assu-
ming a typical longitudinal velocity of 3000 m/s). Such a wavelength is nearly four times 
higher than the mean ply thickness (150 /lm). No particular phenomenon is therefore to 
be expected at this frequency, since the materials appear homogeneous to the longitudinal 
waves. 
When the frequency increases, the wavelength decreases and becomes closer to the 
ply thickness. The time echogram may then become disturbed, the periodicity and inho-
mogeneities of the materials being now "seen" by the longitudinal waves. Forcrossed-
ply composites, the disturbance maximizes at a characteristic frequency (10.8 MHz for 
samples B) or at any multiple of it (see fig. 4b), while remaining small and flat-banded for 
unidirectionnal composites. 
The characteristic frequencies of crossed-ply composites are the same for the spec-
trum of the transmitted energy, reflected energy and intermediary signal and don't depend 
on the number of plies in the composites. 
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Fig. 5 Assumed multilayered structure for 
a crossed-ply composite. 
Theoretically, the longitudinal bulk waves under normal incidence musn't be sensitive 
to the variation in the ply orientations in the crossed-ply structure (owing to the problem 
symmetries for the elastic constants) and therefore could see no difference between them 
and unidirectionnal composites. This conclusion is evidently not supported by our experi-
ments. the only valid interpretation is that, in crossed-ply composites, the intermediary 
signal corresponds to some part of the energy, which is reflected inside the samples and 
don't reach their back face. The multiple internal reflections give rise to interferences, 
which become phase additive at the characteristic frequencies. These reflections may only 
be explained by assuming that the crossed-ply composites behave like multilayered struc-
tures, with small individualized epoxy layers remaining between the carbon-epoxy plies 
(see fig. 5 above), a feature which would be lacking in the unidirectionnal composites 
structure. The differences in acoustic velocities and mechanical impedances may then be 
seen by the longitudinal waves and give rise to reflections at the interfaces. In order to ve-
rify this hypothesis, one may use higher ultrasonic frequencies to evidence such interply 
reflections. 
STUDY OF THE HIGH FREQUENCY RESPONSE OF COMPOSITE MATERIALS 
Using higher frequencies (around 100 MHz), where the acoustic wavelength is near 
30 Jlm, may enable to evidence the physical separation between plies and the multilayered 
structure of the composite, and to observe the internal reflections on the plies, if any. 
Time response 
For this purpose, a HF transducer is drived by a short electrical pulse and the time 
diagrams are observed. Here it is seen that the behaviour of the unidirectionnal sample 
(set A) is very similar to that observed in the low frequency experiments. For the crossed-
ply composites, reflections at the interfaces between plies are clearly evidenced. The re-
sults for a sample in set B are given in fig. 6.a below. Let us notice that, owing to the high 
ultrasonic attenuation at the working frequency, only the very first (say 5 to 8) plies are 
visualized and the back face echo is not detectable. The signals are well separation in time 
and interferences are therefore prohibited, but the delays between them are not uniform. 
This suggests that the thicknesses of the epoxy layers and composite plies are not constant 
across the sample thickness. 
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Fig. 6a High frequency echogram for a 
sample in set B. 
Fig. 6b Super-layer thickness resonance 
for a sample in set B. 
V: 10 mV/div H: 100 ns/div H : 10 MHl/div 
Frequency response 
By widening the input electrical pulse, one enables the successive internal echoes to 
overlap. Sampling then inside the common part of the two pulses, one observes the thick-
ness resonance of the ply-epoxy layer sandwich (super layer). The fig. 6. b above corres-
ponds to the case of samples in set B and evidences the same 10.8 MHz characteristic fre-
quency as in the previous studies. 
Interpretation 
This high frequency study shows that the crossed-ply carbon-epoxy fiber reinforced 
composites behave like multilayered structures comprising a succession of carbon-epoxy 
plies and epoxy layers. We are now in position to modelize such a structure and simulate 
the ultrasonic response of the crossed-ply composites. 
MODELIZA TION 
Let us consider a longitudinal plane wave incident from a liquid coupling medium on 
a composite multilayered structure like that depicted in fig. 5, containing an arbitrary 
number n of plies and (n-1) epoxy layers. All the media are assumed homogeneous and 
isotropic and we take axis z normal to the structure. Using the transfer matrix method 
[7,8], the problem may be stated as follows. Each layer may be represented by a matrix M 
relating the output mechanical variables to the input ones: 
(u) =(M).(U) ! output ! input (1) 
where u and T stand for the mechanical displacement and stress, respectively, and ro is 
the radian frequency, and matrix M is given by : 
cos cp sin cp 
(M) = Z where cp = w.e v (2) 
- Z sin cp cos cp 
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e being the layer thickness, Z the layer mechanical impedance and v the wave velocity. 
The overall structure may thus be represented by the global matrix 
[ n· I ] ( mil (,~ = II (Mi.M\) ·Mn = 
i= I m21 
(3) 
where the prime upper index stands for the epoxy layers (carbon-epoxy plies matrices 
being unprimed). From the mechanical boundary conditions for the stresses and 
displacements on the front and back faces of the structure, we may write the reflection 
coefficient on the front face in the continuous wave regime as: 
R = (m2l + ii md + j 4: (m22 - mIl) 
(m21 - ii md - j 4: (m22 + mil) (4) 
where Zc stands for the liquid medium (water) mechanical impedance. 
If the structure is assumed linear and lossless, we may relate the input and output wave-
forms i(t) and o(t) and spectra I(co) and O(co) using the convolution theorem: 
o(t) = i(t) * r(t) O(co) = I(co) . R(co) (5) 
where the symbol * means convolution. 
For the simulation, the input signal is taken as a 10 MHz sinusoidal one, amplitude 
modulated by a Gaussian profile. We give here some typical results for a sample which 
contains 24 plies (set B), each 140 J.UIl thick, and epoxy layers with a thickness of 4 J.UIl. The 
simulated echogram and back face echo spectrogram are shown in figs. 7a and b, respectively. 
The appearance of an "absorption" peak at 10.7 MHz is seen in the latter figure. These 
theoretical results agree reasonably well with the previous experimental findings. 
CONCLUSION 
The occurence of an "absorption" peak in the acoustic reflectance and transmittance 
of composite material samples has been highlighted using ultrasonic spectroscopy. From 
higher frequency studies, it may be inferred that the crossed-ply composite behaves like a 
multilayered material with superJayers comprising one carbon-epoxy ply and one "remai-
ning" epoxy layer. The "absorption" peak is directly related to this structure, as confirmed 
by the theoretical model and simulations. 
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Fig. 7b Simulated back face echo spectro-
gram for a model of B set sample. 
Further work remains to be done on the model, by precisely studying the influence 
of the thickness ratio for the two layers in the super-layer, by introducing attenuation, or 
enabling the individual thicknesses to vary randomly between some limits. From this, 
the parameters of the structure could be related to the quality factor of the "absorption" 
peak. Theoretical and experimental work will then be pursued using longitudinal waves 
under oblique incidence. 
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